A validation study on the performance and vibration analyses of the XH-59A compound helicopter is conducted to establish techniques for the comprehensive analysis of lift-offset compound helicopters. This study considers the XH-59A lift-offset compound helicopter using a rigid coaxial rotor system as a verification model. CAMRAD II (Comprehensive Analytical Method of Rotorcraft Aerodynamics and Dynamics II), a comprehensive analysis code, is used as a tool for the performance, vibration, and loads analyses. A general free wake model, which is a more sophisticated wake model than other wake models, is used to obtain good results for the comprehensive analysis. Performance analyses of the XH-59A helicopter with and without auxiliary propulsion are conducted in various flight conditions. In addition, vibration analyses of the XH-59A compound helicopter configuration are conducted in the forward flight condition. The present comprehensive analysis results are in good agreement with the flight test and previous analyses. Therefore, techniques for the comprehensive analysis of lift-offset compound helicopters are appropriately established. Furthermore, the rotor lifts are calculated for the XH-59A lift-offset compound helicopter in the forward flight condition to investigate the airloads characteristics of the ABC6 (Advancing Blade Concept) rotor.
Introduction
Conventional helicopters have the advantages of vertical take-off/landing and hovering, but their maximum forward flight speed, which is approximately 150-170 knots, is very slow compared to fixed-wing aircraft. Therefore, the research and development of compound helicopters capable of forward flight at a high-speed have been recently conducted in the US and Europe in order to overcome the low-speed flight performance of conventional helicopters.
Compound helicopters use wings and auxiliary propulsions as well as rotors. In particular, the XH-59A (Figure 1 ), X2 technical demonstrators, and S-97 Raider developed by Sikorsky are compound helicopters using ABC (Advancing Blade Concept, [1] ) rotor. ABC is a technology that enables high-speed forward flight of helicopters, and it uses a counterrotating rigid coaxial rotor. ABC is named because it is designed to generate the most lift on the advancing blades ( Figure 2 (b), [2] ). In addition, ABC can be expressed as lift-offset (LOS), which can be calculated by dividing the rolling moment of each rotor by its thrust. Compound helicopters using ABC rotor have the following advantages. The performance loss of the rotor due to the rolling moment trim can be reduced since the rolling moments for each of the upper and lower rotors are the same in magnitudes and are opposite directions. In addition, it is possible to avoid the dynamic stall that occurs on the retreating side of the rotor disk. Moreover, the lift-to-drag ratio of an ABC rotor can be increased compared with that of conventional helicopters. Therefore, the rotation speed of the rotor can be reduced, and high-speed forward flight is possible [2] . However, one of the disadvantages of the lift-offset compound rotorcrafts is the serious vibration problem during highspeed flight. In case of the XH-59A helicopter, flight test results showed serious 3P cockpit vibration during highspeed forward flight due to the rigid coaxial rotor and the absence of a vibration control system [3] . Therefore, both performance and vibration analyses are important when developing compound rotorcrafts using a rigid coaxial rotor. However, few studies using comprehensive analysis codes for performance and vibration analyses have been conducted, despite the development of lift-offset compound helicopters such as the XH-59A, X2 technical demonstrators, and S-97 Raider.
Johnson [4] validated the performance analyses of an XH-59A lift-offset compound helicopter using CAMRAD II (Comprehensive Analytical Method of Rotorcraft Aerodynamics and Dynamics, [5] ), which is a comprehensive analysis code for rotorcrafts. The free wake model was used only for the analysis in the hover condition, but the prescribed wake model was used for the performance analysis in the forward flight condition. Moreover, a correlation study of the vibration analysis for the XH-59A helicopter was not conducted in that study [4] . In addition, RCAS (Rotorcraft Comprehensive Analysis System, [6] ), a comprehensive analysis code for rotorcrafts, was used in a study of the performance, loads, and vibration of the XH-59A helicopter in the high-speed flight condition [7] . The analysis was conducted to obtain the optimal trim for reduction of total power required of the XH-59A helicopter. In addition, the trim states for low vibration were also studied. However, the analysis results are limited in that most of results of this study [7] were obtained using a finite-state dynamic inflow model, which is relatively simple compared to the free wake model; thus, the validation study on the 3P pitching moment of the hub was not good. In addition, the analysis of the hover performance was not validated.
Therefore, this study aims to validate and demonstrate a comprehensive analysis using a free wake model for the performance and vibration of the lift-offset compound helicopters. The XH-59A technical demonstrator is considered as the lift-offset compound helicopter for the assessment. In addition, CAMRAD II is used as a tool for the performance and vibration analyses. Unlike previous research, this study uses the general free wake model for the comprehensive analysis in various flight conditions. The free wake model is the most sophisticated wake model than other inflow and wake models. It is important to establish techniques for the comprehensive analysis using the free wake model in order to obtain accurate results for the performance and vibration analyses of lift-offset rotorcrafts by elaborately considering the effect of the rotor wakes. However, compared to other inflow and wake models, it is not easy to determine the parameters of the free wake model, for example, the size of the vortex core. Therefore, a more extensive validation compared to the previous work [7] is conducted using the free wake model for the XH-59A helicopter with and without auxiliary propulsion in various conditions. In order to validate the modeling and analysis techniques of the comprehensive analysis of the XH-59A helicopter, the results of the performance analysis are compared with both flight test data and a previous analysis [4] . In addition, the vibratory hub loads and the structural loads of the blade of the XH-59A helicopter with auxiliary propulsion are validated with flight test data [8] . Through the present work, techniques for a comprehensive analysis of the lift-offset compound helicopters using a more advanced wake model can be appropriately established. Finally, the lifts for the XH-59A helicopter rotor in the compound helicopter mode are investigated, although these results are not compared with the flight test results.
Validation Model
This study considers the XH-59A technical demonstrator as a validation model of the comprehensive analysis of the liftoffset compound helicopter. The XH-59A helicopter is an International Journal of Aerospace Engineering 3 ABC technology demonstrator developed by Sikorsky; thus, it can fly at high-speed as well as vertical take-off/landing, hovering, and efficient low-speed flight.
The ABC rotor using a rigid coaxial rotor enables highspeed flight for helicopters and offers several advantages. First, it has a superior hover and low-speed efficiency given that the total power of the coaxial rotor is approximately 5% less than that of an equivalent single main rotor [9] . Second, an antitorque system such as a tail rotor is not required; thus, it contributes to improve safety and compactness. Third, the lift-offset rotorcraft in the pure helicopter mode is quieter than a conventional helicopter using a single main rotor due to the absence of a tail rotor. However, the rigid coaxial rotor has a heavier rotor, drive, and flight control system. In addition, the high-speed efficiency is poor due to the higher hub drag compared to that of a single main rotor. The liftoffset for the ABC rotor is defined as the rolling moment of each rotor divided by its thrust as follows:
Prior to the development of the XH-59A compound helicopter with auxiliary propulsion, an XH-59A helicopter using a lift-offset rotor was initially developed as a pure helicopter configuration (Figure 1(a) , [2] ). In order to drive the main rotor, a Pratt & Whitney PT6T-3 turboshaft engine with a maximum continuous rating of 1,600 shp was used in the XH-59A pure helicopter. In addition, it recorded a maximum level flight speed of 160 knots. Afterward, two auxiliary propulsions were added to the XH-59A helicopter for the compound helicopter mode (Figure 1(b) , [9] ). Pratt & Whitney J60-P-3A turbojet engines with a total static thrust of 6,600 lb at sea level were used for high-speed flight. The designed rotor tip speed of the XH-59A pure helicopter configuration is 650 ft/sec. However, the rotor tip speed must be reduced for high-speed flight above 160 knots in order to prevent the Mach number at the blade tip on the advancing side of the rotor from exceeding 0.85 at high speeds. Therefore, the rotor tip speed is designed to be reduced to 450 ft/sec during high-speed flight [10] . The XH-59A compound helicopter using auxiliary propulsion reached a maximum level flight speed of 240 knots [3] . The general properties of the XH-59A lift-offset compound helicopter are shown in Table 1 [3, 8, 10] .
Although the XH-59A technical demonstrator solved the low-speed problem of conventional helicopters, it has not been put into practical use due to the serious vibration problem and the technical limitations associated with the reduction in the rotation speed of the rotor [2] . The XH-59A helicopter suffered from a serious vibration problem, especially at a high-speed, since it uses very stiff and rigid blades and does not have any vibration control system. The vibration characteristics of the XH-59A compound helicopter using auxiliary propulsion were investigated in a flight test with both cross-over angles of 90 ∘ and 0 ∘ [8] . The cross-over angle of a coaxial rotor is the azimuth angle at which the upper and lower rotor blades cross over each other, as defined in Figure 3 [11] . In Figure 3 , the azimuth angle is based on the azimuth angle of the upper rotor rotating in the counterclockwise direction. From the flight test results of the XH-59A helicopter, the following vibration characteristics were confirmed. First, there is a difference in the characteristics of the 3P hub loads in terms of the cross-over angle. For example, the 3P pitch moment of the hub is more dominant than the 3P roll moment of the hub for a cross-over angle of 0 ∘ , but the characteristics of the hub vibratory loads are opposite for a cross-over angle of 90 ∘ [8] . Second, the 2P component of the rotating blades caused mainly the 3P hub loads of the XH-59A helicopter [11, 12] . In addition, the 3P pitching or rolling moment greatly affects the vibration of the XH-59A aircraft [8] .
For the present validation study, various test data and previous analysis results for the XH-59A helicopter are used, which can be found in [4, 8, 13 ].
Rotorcraft Analysis Tool: CAMRAD II
CAMRAD II [5] , developed by Johnson Aeronautics in the US, is a comprehensive analysis tool for rotorcrafts. CAMRAD II can conduct comprehensive analyses of the performance, the aerodynamic and structural loads, the aeroelasticity stability of rotorcrafts, and so on. CAMRAD II has nonlinear finite elements, multibody dynamics, and rotorcraft aerodynamics with various inflow and wake models [14] . Therefore, CAMRAD II has been widely used for rotorcraft research.
The CAMRAD II analysis is roughly divided into three parts: the trim, transient, and flutter tasks. In the trim task, the equilibrium solution is calculated for steady-state flight conditions. In the transient task, the equations from the trim task are numerically integrated for a prescribed excitation. The flutter task solves differential equations linearized for the trim task [5] .
The aerodynamic forces acting on the rotor blades are calculated using lifting-line theory considering an unsteady flow, compressibility, and viscosity and the rotor wake model [14] . The wake models used in CAMRAD II include the prescribed wake, rolled-up wake, multiple-trailer wake, and multiple-trailer with consolidation wake [5] .
The rotor blades can be modeled as finite elements of nonlinear elastic beam components. CAMRAD II can consider anisotropic or composite materials as well as isotropic materials for structural modeling of the blade. There are three beam geometry models: the exact model, the almost-exact model, and the second-order approximation model [15] . In addition, each finite element for the nonlinear elastic beams has a total of 15 degrees of freedom (6 rigid body motions and 9 elastic motions, [5] ).
The trim of the rotorcraft is calculated using the Newton Raphson method with a Jacobian matrix. The thrust, rolling moment, and pitching moment are the trim targets. In addition, the trim analysis is usually conducted at a low azimuthal resolution of 15 ∘ [16] . CAMRAD II can conduct a comprehensive analysis for not only conventional helicopters but also helicopters with various configurations, such as a tandem helicopter, tiltrotor, and coaxial lift-offset compound helicopter. However, it is difficult to establish techniques for modeling and analysis using CAMRAD II, since numerous input variables and empirical parameters are required.
Analysis Techniques

CAMRAD II Modeling Techniques.
In this section, the modeling and analysis techniques for CAMRAD II are discussed. As mentioned in previously, a flight test of the XH-59A lift-offset compound helicopter was conducted using two cross-over angle configurations of 90 ∘ and 0 ∘ . However, the present CAMRAD II model uses only the cross-over angle of 0 ∘ , as shown in Figure 4 . Figure 5 presents the blade thickness and airfoil distribution. Similar to the method used in [4, 7] , airfoils similar to the actual airfoil characteristics of the XH-59A helicopter are used for the present analysis model, since actual airfoil data for the XH-59A helicopter are not given in the public domain. Furthermore, similar to the way used in [4, 17] , the drag increment is appropriately applied to obtain better correlation results for performance analysis, because the C81 airfoil tables used in this study does not exactly represent the characteristics of the actual XH-59A rotor aerodynamics including Reynolds number. This study uses the assumed C81 airfoil tables generated at relatively low Reynolds number, and their mean drag values are estimated to be higher than the actual airfoil data for the XH-59A rotor. Therefore, the decrease (negative increment) of drag coefficients is applied for the C81 airfoil tables used for the present analyses in order to obtain almost the same power as the flight test data. Then, the performance correlation and vibration analyses in forward flight condition are conducted using the adjusted drag coefficients.
The blades are modeled as 16 aerodynamic panels, and the width of a panel is 7% at the root and 3% at the tip, as shown in Figure 6 . The general free wake model is used for all of the present analyses. In addition, the wake interaction between the upper and lower rotors is considered. The model of the vortex core size in the free wake model is very important to obtain a good prediction. The initial core size in the free wake model is generally 10-20% at the blade tip. However, the present CAMRAD II analysis uses an initial core size of 50% at the blade tip [4] in order to obtain better correlation results with the flight test. In addition, the vortex core grows with the square root of the wake age by a square root model, as expressed in (2) . Equation (2) considers that the scaling factor determines how quickly the vortex core grows [17] . Figure 7 shows the finite element model of a XH-59A rotor blade. Each rotor blade of the XH-59A is modeled as a nonlinear elastic beam with seven finite elements. It is not required generally that the number of aerodynamic panels should be the same as the number of finite beam elements for the modeling of rotor aeromechanics analyses. The crosssectional beam properties, which are summarized in Table 2 , are obtained from [18] and slightly modified to match the nonrotating blade frequencies. The pitch hinge of the XH-59A hingeless rotor is located at 5% . In addition, a rotor control system including the pitch link, swashplates, and pitch horn is considered as well as the rotor blades. The stiffness of the control system is modeled in the present CAMRAD II model, and the pitch-link stiffness is appropriately determined in order to match the nonrotating frequency in the first torsion mode (T1).
Trim Analyses.
A trim analysis for forward flight is conducted such that the three force and three moment components acting on the aircraft are zero. For the vehicle trim, the aerodynamic coefficients for the XH-59A fuselage are obtained from [13] . The mean collective pitch angle, the lateral and longitudinal cyclic pitch angles of each rotor, and the pitch and roll angles of the aircraft are used as the trim variables of the lift-offset rotorcraft. In addition, the primary controls of the rotor are calculated from the pilot control inputs mixed with the control phase angle. The control phase refers to the combination of the lateral and longitudinal cyclic pitches for controlling the lift-offset rotor [4] . Because the azimuth angle at which the cyclic pitch should be applied to generate a particular moment is different from the input azimuth angle for the articulated rotors, a shift in the azimuth occurs. The control phase angle of the ABC rotor is generally 30 ∘ -40 ∘ since the rotor blade has a high stiffness, whereas the phase angle is approximately 80 ∘ -90 ∘ for articulated rotor systems [8] .
Alternatively, the trim can also be determined by considering the six primary rotor controls of the upper and lower rotors when the pitch angle of the aircraft is fixed at approximately 0 ∘ , which provides the best performance for the lift-offset rotor [8] . The trim targets can be set as the vertical force equivalent to the weight of the fuselage, the torque offset of the upper and lower rotors, and the pitching and rolling moments of the upper and lower rotors. The liftoffset can be considered as the differential rolling moment.
Performance and Vibration Analyses.
The performance of the XH-59A helicopter is evaluated using (3)- (6) . In the CAMRAD II analysis, the rotor power of each of the upper and lower rotors is defined as
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In addition, the lift-to-drag ratio of the aircraft, / , and the effective lift-to-drag ratio of the rotor, / , are, respectively, defined as
where the rotor power coaxial is the sum of each power of the upper and lower rotors:
where upper and lower are calculated using (3) . For the vibration analysis of the XH-59A helicopter, the 3P hub moments are calculated using
where the superscripts upper and lower represent the upper and lower rotors, respectively, and the subscripts c and s indicate the cosine and sine components of the hub loads, respectively [7] . Figure 8 shows the results of a fan plot analysis using CAMRAD II with the discussed modeling techniques for validating the rotor structural dynamics model. The present first torsional frequency (T1) in the nonrotating condition is well correlated with the test data [13] , as compared to the results of previous analyses [8, 13] . Therefore, it can be considered that the rotor structural dynamics model in the present CAMRAD II analysis is successfully verified.
Analysis Results
Performance Analyses for Pure Helicopter Configuration.
In this study, performance analyses using CAMRAD II are conducted for the XH-59A helicopter in various flight conditions, and the results of the performance analyses are compared with flight test data and previous analyses [4] . Figure 9 shows the figure of merit in terms of the thrust for the XH-59A pure helicopter mode without auxiliary propulsion in hover. The result of the present analysis is compared well with the flight test data and previous analysis result [4] . In particular, the figure of merit of the XH-59A rotor, which appears between 0.75 and 0.8, is better than the typical figure of merit of 0.6-0.75 for conventional helicopter rotors [19] . This good hover performance results from the fact that the wake of the upper rotor is contracted before reaching the lower rotor in the case of a coaxial rotor [4] . Figure 10 presents the rotor power in terms of the flight speed in forward flight for the XH-59A helicopter without auxiliary propulsion. As shown in Figure 10 , the result of the present analysis is validated well with the flight test data [4] and the previous CAMRAD II analysis using the prescribed wake model [4] . In addition, it is considered that the result of the present analysis around 160 knots is better agreement with the flight test result [4] than the previous analysis [4] . Figure 11 shows the result for the lift-to-drag ratio of the aircraft in the pure helicopter mode without auxiliary propulsion in forward flight. Although the present analysis tends to be slightly overpredicted compared to the flight test result at 100-160 knots, the present analysis is correlated well with both the flight test data [4] and the result of the previous analysis using the prescribed wake model [4] . Figure 12 shows the effective lift-to-drag ratio of the rotor for the XH-59A compound helicopter configuration in forward flight. All of the flight test data in Figure 12 are for the compound helicopter mode with a gross weight ranging from 11,000 to 13,000 lb. However, the gross weight of the 13,000 lb model is used for the present CAMRAD II analysis. data [4] since the present results exist between the upper and lower bounds of the flight test data. In addition, for the liftoffset values of 0.2 and 0.3, the results of the present analyses with the general free wake model compare well with those of a previous analysis using the prescribed wake model [4] , especially in high-speed flight. Therefore, the technique for the performance analysis using CAMRAD II with the general free wake model is well established through the validation results given in Figures 9-12. 
Performance Analyses for Compound Helicopter Configuration.
Vibration and Structural Loads
Analyses. The 3P hub loads and the structural loads of the blade are analyzed using CAMRAD II for the XH-59A compound helicopter configuration with auxiliary propulsion in forward flight. As Flight test (11,000 lb∼13,000 lb, [4] ) Present, LOS = 0.1, 13,000 lb Present, LOS = 0.2, 13,000 lb Present, LOS = 0.3, 13,000 lb Figure 12 : Validation of the rotor effective lift-to-drag ratio in compound helicopter mode.
described in Section 4, the model with a cross-over angle of 0 ∘ is used for the present analysis. Figure 13 shows the 3P vibratory loads of the hub in terms of the forward flight speed because the 3P component of the hub vibratory loads is the most dominant. As shown in Figure 13 , the 3P hub moments increase as the flight speed increases. The 3P hub pitching moment is much higher than the 3P hub rolling moment when a cross-over angle of 0 two test data points for the 3P hub moments in the Figure 13 , the present analysis using a lift-offset of 0.3 is correlated well with the flight test data [8] . Therefore, the vibration analysis technique for the XH-59A lift-offset compound helicopter is also appropriately established. Figure 14 shows the 2P flap bending moments of the rotating blades at 10% for each of the upper and lower rotors. It is known that the 2P component of the rotating blades seriously affects the 3P hub loads [11, 12] . Thus, the 2P components of the flap bending moments of the blade at 10% for the upper and lower rotors are investigated using the lift-offset value of 0.3. However, this result is not correlated with the flight test data since there is no flight test result for the 2P flap bending moment of the XH-59A compound helicopter. As seen in Figure 14 , the 2P flap bending moments of the blade for both the upper and lower rotors significantly increase as the flight speed increases. Therefore, it is verified that the 2P flap bending moments affect the 3P hub loads since the trends in Figures 13 and 14 are similar to each other. Figure 15 shows the analysis results of the structural loads of the blade for each of the upper and lower rotors. Because the flap bending moment at the blade root is particularly important, the 1/2 peak-to-peak values of the flap bending moments of the blade at 10% are investigated. The present analysis considers the lift-offset value of 0.3 since this value allows a good prediction for the 3P hub moments, as previously discussed in Figure 13 . As shown in Figure 15 , the present results for both the upper and lower rotors are significantly overpredicted compared to flight test results. The present prediction results for the upper and lower rotors are quite similar to each other. However, the trend of the analysis results is moderately different from the flight test data because the present results for both the upper and lower rotors are almost constant up to 220 knots, and they increase after 220 knots. It is considered that the difference in the results of the present analysis and flight test is due to the following reasons. First, the aircraft trim condition in the present analysis differs from that in the flight test condition. The lift-offset value of the present analysis is fixed as a given value of the entire flight speed range; however, the lift-offset value of the flight test varies with the control phase angle as the flight speed increases. Second, it is generally difficult to predict the structural moments of the blade precisely using the rotorcraft comprehensive analysis. Therefore, it is necessary to improve the analysis technique for the structural loads of the blade for the lift-offset compound helicopters.
Airloads Analyses.
The airloads on the blades of the XH-59A helicopter were not measured during flight tests, but in this study, an airloads analysis of the XH-59A helicopter with lift-offset value of 0.3 is conducted. Figure 16 shows lift distributions of the rotor disks at 140 knots. As shown in Figure 12 , the XH-59A helicopter shows the best performance of the effective lift-to-drag ratio of the rotor at a flight speed of approximately 140 knots. In Figure 16 , the following aerodynamic characteristics of the XH-59A rotor can be observed. First, the most lift is generated on each advancing side of the upper and lower rotors, which is a unique characteristic of the lift-offset helicopter, as previously described. Second, the lift distributions of the upper and lower rotors are quite similar to each other. investigated at 23.5% , 50.0% , and 98.5% for the upper and lower rotor blades. In Figures 17 and 18 , the azimuth angles are defined based on counter-clockwise rotation for the upper rotor. That is, the advancing side of the lower rotor is 360 ∘ -180 ∘ in the horizontal axis in the figure. The present results show that the variations and magnitudes of the section lifts of the upper and lower rotors are almost similar to each other at each blade section. The present analysis shows fluctuations in the lifts of both the upper and lower rotors for the blade outboard at 140 knots and for the blade midboard and outboard at 240 knots. It is considered that these fluctuations are caused by the interaction between the blades and the wake. In addition, the magnitude of the lift fluctuation for the lower rotor is larger than that of the upper rotor, especially for the results for the blade outboard at 140 knots and for the blade midboard at 240 knots since the lower rotor may be affected by the wake of the upper rotor. Particularly, the lifts at 98.5% for both the upper and lower rotors at 240 knots definitely show negative tip loading phenomena in the first quadrants on the rotor disks. This is not observed in the analysis results at 140 knots. Further investigation for the airloads of a XH-59A rotor will be available with help of CFD (Computational Fluid Dynamics) analyses.
Conclusions
In this study, validation works of the performance and vibration analyses of the XH-59A lift-offset compound helicopter were conducted using CAMRAD II. The general free wake model, which is the most advanced wake model, was used in order to obtain accurate analysis results. The performance results obtained in this study for the XH-59A helicopter with and without auxiliary propulsion were in good agreement with the flight test data and previous analyses in both hover and forward flight conditions.
The hub vibratory loads and the structural loads of the blade for the XH-59A helicopter with auxiliary propulsion were also investigated. For the 3P hub moments, the present CAMRAD II analysis with a lift-offset value of 0.3 was well correlated with the flight test data. However, the present analyses using a lift-offset value of 0.3 for the 1/2 peakto-peak flap bending moments were not as good as the predictions for the 3P hub vibratory loads. Therefore, the technique for the analysis of the structural loads of the blade must be improved for lift-offset rotorcrafts.
Although the results of the present airloads analysis were not correlated with the flight test data of the XH-59A helicopter, the lifts for the XH-59A compound helicopter using the lift-offset value of 0.3 were calculated for the forward flight condition. The predicted lift distributions on the rotor disks showed that most of the lift is produced on the advancing side of each rotor disk, which is a unique characteristic of the lift-offset rotor.
Through the present validation study of a comprehensive analysis of the XH-59A compound helicopter, the techniques for the performance and vibration analyses of the compound helicopter using the lift-offset rotor were appropriately established. The established techniques for a comprehensive analysis of the XH-59A helicopter through this work will be used for the development of advanced compound rotorcrafts using lift-offset rotors.
Nomenclature
:
Blade chord length, ft : Thrust coefficient / : Thrust coefficient divided by the solidity 
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